Recently, advanced therapies for pulmonary arterial hypertension have become available, and have been effective in reducing pulmonary vascular resistance and symptoms in patients with Eisenmenger syndrome, previously thought to be inoperable. This review summarizes the current knowledge on the pathophysiology and treatment of Eisenmenger syndrome. The recent introduction of targeted therapies in pulmonary arterial hypertension has led to a renewed insight in the pathophysiology and treatment of Eisenmenger syndrome. Patients with Eisenmenger syndrome using a diagnostic-treatment-and-repair strategy are amenable to surgery after successful treatment with advanced therapy. With continued improvements in the diagnosis, preoperative management, refinement of surgical techniques and intra-and postoperative management strategies, the patients with Eisenmenger syndrome selected using a diagnostic-treatment-and-repair strategy are operable with safety and efficacy in the current era with advanced pulmonary arterial hypertension therapy. Future directions of Eisenmenger syndrome may be the combination of reversal of pulmonary vascular remodeling and correction.
Introduction
Eisenmenger syndrome is defined as a congenital heart defect that initially causes a major left-to-right shunt, induces severe pulmonary vascular disease and pulmonary arterial hypertension (PAH), and finally results in reversal of the direction of shunting and development of cyanosis ( Fig. 1) . 1 The structural abnormalities of the lung circulation are histologically similar to those seen in other forms of PAH. 2 Eisenmenger syndrome is a multisystem disorder associated with numerous life-threatening complications, including hemoptysis, cerebrovascular accidents, brain abscesses, arrhythmias, and syncope. 3 Exercise capacity is severely impaired in most patients with Eisenmenger syndrome. Although exercise limitation and exertional dyspnea may remain stable for years, poor exercise capacity identifies the patient at risk for hospitalization or death. 4 Patients with Eisenmenger syndrome have a reduced life expectancy, even if many can survive into their third or fourth decade. Yet patients with Eisenmenger syndrome fare far better than patients with all other forms of pulmo-nary hypertension, a fact that is not appreciated by many who care for such patients. The key to the relative longevity of these complex patients lies in the unique adaptation of the right ventricle. 5, 6 Pathophysiology A wide range of cardiac defects can lead to pulmonary vascular disease, although the lesions most common to Eisenmenger syndrome are ventricular septal defects (VSDs), atrial septal defects, atrioventricular septal defects, and patent ductus arteriosus. 7, 8 Approximately 50% of all patients with large unrepaired VSDs, approximately 10% of patients with large unrepaired atrial septal defects, and almost all patients with unrepaired truncus arteriosus are at risk of developing Eisenmenger syndrome. 9, 10 The underlying defect in Eisenmenger syndrome is important because it has prognostic implications. Evidence suggests, for example, that patients with atrial septal defects differ in their evolution of pulmonary vascular disease, compared with patients with VSDs. 8 Patients with Eisenmenger syndrome may present with more complex underlying lesions such as truncus arteriosus, transposition of great vessels and VSD, or single ventricles with unobstructed pulmonary blood flow. The development of Eisenmenger syndrome in patients with complex congenital heart disease is associated with a 10 -12-fold increase in mortality. 10 The pathogenesis of PAH involves 3 major processes that contribute to narrowing of the pulmonary artery. The first, vasoconstriction, occurs as a result of an imbalance between vasodilators and vasoconstrictors in the pulmonary circulation. Vascular smooth muscle and endothelial cell proliferation result in vascular remodeling. Finally, coagulation abnormalities result in thrombosis in situ, which contributes to elevated pulmonary vascular resistance.
The mechanisms underlying the remodeling of the cardiopulmonary circulation have not been fully elucidated, but are likely to involve vasoconstriction, inflammation, thrombosis, cell proliferation, and fibrosis. 11 Implicated in these mechanisms is an errant expression of vasoactive mediators, including endothelin-1, thromboxane, prostacyclin, and nitric oxide. 11 The remodeled pulmonary arteries in PAH are characterized by vasoconstriction, suppressed apoptosis, and increased proliferation within the vascular wall. In addition to other factors, cytoplasmic Ca 2ϩ in particular seems to play a central role. Vascular remodeling refers to the structural changes that lead to hypertrophy and/or luminal occlusion. 12 Increased proliferation and hypertrophy of pulmonary arterial smooth muscle cell have been implicated in the development of idiopathic PAH. 13 
Treatment of Eisenmenger Syndrome
Historically, management options for patients with Eisenmenger syndrome have been limited to palliative measures or heart-lung transplantation, the latter of which is suitable only for a small subgroup of patients. Pharmacologic treatment often involved the use of digitalis, diuretics, anti-arrhythmics, and/or anticoagulants; however, none of these approaches significantly modified survival or risk of deterioration. 14, 15 Research into the underlying pathophysiology of PAH has identified, and continues to identify, several important pathways and mechanisms that are involved in the vascular changes characteristic of the disease, and has led to the development of successful, targeted therapies. Results from clinical trials of these therapies in patients with Eisenmenger syndrome are challenging the notion that it is a stable disease not amenable to treatment. To date, several targeted therapies, including endothelin receptor antagonists, phosphodiesterase type-5 inhibitors, prostacyclin, and prostacyclin analogs, have shown to be effective in Eisenmenger syndrome patients, offering improvements in exercise capacity, functional class, and hemodynamics, without compromising oxygen saturation. 16 
Corrective Interventions
Closure of the septal heart defect, either by percutaneous or surgical procedures, is generally contraindicated in adult patients with PAH associated with systemic-topulmonary shunts because of high mortality and poor outcome. 14 In addition, closure of the defect may take away the "safety valve" in patients with further progression of pulmonary vascular disease and reversal of the pressure gradient between the systemic and pulmonary circulations. The indications for patients to be considered for correction are not uniformly defined and may include pulmonary artery vasoreactivity and/or the presence of a pulmonaryto-systemic flow ratio of at least 1.5 to 1.0. 17 Furthermore, EISENMENGER SYNDROME: NOT ALWAYS INOPERABLE RESPIRATORY CARE • SEPTEMBER 2012 VOL 57 NO 9correction of the defect in patients in whom a consistent reduction in PAH is achieved using targeted therapies (the so-called treat-and-repair strategy) remains controversial, and only sporadic case reports have been published. 18 -21 Children diagnosed later in life, who have developed pulmonary vascular disease (resistance exceeding 6 Wood units/m 2 ) and have poor vasodilator response, are at high risk of sustained pulmonary hypertension, right heart failure, and hypertensive crises immediately after surgery. 22, 23 Moreover, right-to-left shunting in the presence of severe PAH sustains cardiac output at the expense of arterial hypoxia. Right-to-left shunting at the atrial level is a mechanism for relieving right atrial pressure in the presence of right ventricular failure. 24, 25 Generally, when right-to-left shunting with cyanosis is present, one has to seriously question the indication for closure. 26 A recent major breakthrough in the treatment of patients with PAH has been the availability of oral endothelin antagonists (eg, ambrisentan, bosentan, and sitaxsentan) and the applications of sildenafil, a type-5 phosphodiesterase inhibitor. Endothelin antagonists are potent pulmonary vasodilators with limited side effects and a proven beneficial effect when administered to patients with idiopathic PAH (iPAH). In BREATHE 5, a randomized controlled study of bosentan versus placebo, bosentan was effective in reducing pulmonary vascular resistance and improving New York Heart Association functional class 16 and the 6-min walk test distance in Eisenmenger patients. A major advantage of oral formulations is that they allow long-term administration. Contrary to intravenous targeted therapy requiring continuous infusion (eg, epoprostenol), oral agents are not associated with complications such as line infections, endocarditis, and paradoxical emboli, and do not impose the limitations that continuous intravenous infusion imposes on the quality of life of these patients. Advanced therapies for PAH are now being increasingly used to reduce the risk of developing or treating postoperative PAH in patients prior to and after surgical repair for congenital heart disease or acquired valve disease. 27, 28 Postoperative pulmonary hypertension is, in fact, a major determinant of perioperative morbidity and mortality in patients undergoing cardiac surgery. Pulmonary hypertensive crises are characterized by an acute increase in pulmonary vascular resistance, which precipitates right ventricular failure and causes a drop in cardiac output. Older patients with elevated pulmonary arterial pressure preoperatively are at higher risk of developing postoperative PAH. 29, 30 Advanced PAH therapies might have the potential to produce a reduction in pulmonary vascular resistance, lowering perioperative risks and possibly widening the range of cases amenable to repair.
Eisenmenger syndrome has been synonymous with inoperability, as patients are perceived to have irreversible obstructive pulmonary vascular disease that puts them at high perioperative risk, at low likelihood of benefiting from the procedure, and at high risk of postoperative right ventricular failure. Right-to-left shunting in patients with PAH, in fact, acts as a safety valve and forms the basis of practicing atrial septostomy in patients with PAH. [31] [32] [33] [34] [35] Nevertheless, despite the established longstanding pulmonary vascular disease with evidence of substantial vascular remodeling/obstruction, Eisenmenger patients often respond favorably to advanced therapy. 16 It has been demonstrated that almost one third of Eisenmenger patients maintain some degree of pulmonary vasoreactivity despite the presence of obstructive pulmonary hypertension. 36 Moreover, it has been suggested that endothelin receptor antagonists may have antiproliferative effects causing reverse-remodeling in the pulmonary circulation. 16, 37 Cerebrovascular events (strokes/abscesses) are major, devastating, and debilitating complications of Eisenmenger syndrome, and are directly related to right-to-left shunting. Moreover, cyanosis is a major cause of exercise limitation, triggers erythrocytosis, and is associated with both bleeding diathesis and thrombosis. Systemic arterial desaturation may also aggravate pulmonary vascular obstruction and cause peripheral organ failure. It is, thus, conceivable that abolishing the right-to-left shunt may produce a symptomatic improvement in highly symptomatic patients.
The palliative Mustard procedure is an interesting model of the benefits derived from reduction of hypoxia in patients with PAH secondary to congenital heart disease. In this procedure, patients with transposition of great arteries and a large ventricular communication, in which oxygen saturations in the pulmonary artery are higher than that in the aorta, undergo an atrial switch without VSD closure. 38, 39 The increase in arterial oxygen saturation resulting from redirection of flow provides significant symptomatic relief and increased quality of life in patients with severe cyanosis-related symptoms. It has been suggested that treatment with advanced therapies without correction of the underlying anatomical defect may lead to further insult on the pulmonary circulation. In the case of patients with large VSDs, for example, the drop in pulmonary vascular resistance induced by such therapies leads to an increase in flow and shear stress in the pulmonary circulation, while high pressures through the defect persist. 20 There is potential conversion of Eisenmenger physiology to iPAH physiology with worse long-term outcome and high perioperative risk, but experience is very limited and no long-term data are available. There are serious concerns when taking into consideration closure of cardiac defects in patients with established PAH. The mainstay of this approach is an effective decrease in pulmonary vascular resistance by advanced therapies, the long-term results and tolerability of which remain unknown. Moreover, no data are available on the long-term response of the right ventricle to closure of intracardiac communica-tions in patients with right-to-left shunting. Once the defect is closed, a pathophysiologic situation more similar to iPAH could become established, which is associated with a much worse long-term outcome, compared to Eisenmenger patients. It has been hypothesized that the striking difference in outcome between Eisenmenger and iPAH patients is due to the presence of the defect, which permits unloading of the right ventricle by means of right-to-left shunting and thus preservation of right ventricular function. Thus, closure of the defect without marked reduction of pulmonary arterial pressure and abolition of the rightto-left shunt could alter the natural history of Eisenmenger syndrome to resemble that of iPAH.
It is, nevertheless, important to remember that, different from iPAH, the pulmonary circulation of a child who develops PAH due to congenital heart disease does not grow normally. 40 In fact, intra-acinar arteries are reduced, and endothelial dysfunction and smooth muscle cell hyperplasia are present early after birth. Therefore, fundamental differences in pathophysiology are likely to be present in Eisenmenger and iPAH patients.
An additional reason for concern when contemplating surgery in patients with PAH is the high perioperative risk. Hypertensive crises can be triggered by hypoxia, acidosis, and cardiopulmonary bypass itself. 41, 42 Moreover, endotracheal suctioning causes sympathetic stimulation and substantial rise in pulmonary vascular resistance, which can be attenuated by adequate pretreatment with high doses of narcotics. 43 Postoperative ventilation/perfusion mismatch may result in alveolar hypoxia and trigger vasoconstriction. 42 Available data on closure of intra-or extracardiac communications in the presence of severe PAH, with or without the use of advanced therapies, are scarce and still limited to case reports (Table 1) . [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] Closure of intracardiac defects after a positive response to advanced PAH therapies cannot therefore be generally recommended until hard evidence of its safety, efficacy, and durability becomes available. An essential step to adopting a treat-andrepair approach will be the appropriate selection of patients who may benefit from it. Patients with less advanced pulmonary vascular disease and those who demonstrate a substantial response to advanced therapy are likely to be considered. In all cases, careful assessment of the balance between the benefit of closing a large defect and abolishing the shunt (and cyanosis if present) and the risk of causing deterioration of right ventricular function and diminishing systemic cardiac output should be performed. 48 Certainly, formal hemodynamic assessment with vasoreactivity testing is important, as patients with lower preoperative pulmonary vascular resistance and evidence of substantial vasoreactivity are likely to be better candidates. Defect closure in patients with PAH should be undertaken only if the benefits of abolishing the shunt outweigh the risks of surgical or percutaneous closure. Nevertheless, regardless of the closure technique, should restoration of the communication become necessary in patients who develop right ventricular failure or low cardiac output post closure, this may be difficult and carry additional risk to the patient.
Response to advanced therapy is another important issue that needs to be addressed. There is no uniform response to advanced therapy, as some patients demonstrate strong benefit, whereas others may show little or no response. Pretreatment with advanced therapies for a sufficient period of time to assess the hemodynamic and symptomatic response and tolerance to long-term administration is, thus, strongly recommended before closure is undertaken. Partial closure of a defect with a one-way flap that permits right-to-left shunting could be a way of allowing decompression of the right ventricle during periods of raised pulmonary vascular resistance, especially in the postoperative period, while limiting flow and pressure stress to the pulmonary circulation. 49 Subsequent complete closure of the defect could be performed should pulmonary vascular resistance fall in response to longer term advanced ther- NYHA ϭ New York Heart Association MPAP ϭ mean pulmonary artery pressure ASD ϭ atrial septal defect PGI 2 ϭ prostacyclin PDA ϭ patent ductus arteriosus apy. Another staged approach could be the application of a pulmonary arterial band once pulmonary vascular resistance starts to decrease in response to chronic advanced therapy. 50 Should pulmonary vascular resistance decrease further, closure of the defect with debanding could follow. Finally, whether closure of a post tricuspid defect (VSD or patent ductus arteriosus), while allowing or creating an atrial communication and thus the potential of right-to-left shunting, could convene any hemodynamic, symptomatic, or prognostic benefit remains purely speculative. The key problem of operability of Eisenmenger syndrome is evaluating whether pulmonary hypertension is reversible. In the study reported by Liu and colleagues, negative inhaled oxygen test did not necessarily mean irreversibility. Inhaled oxygen test was negative in 68.7% (33/48) with regression of PAH after successful surgical correction. Patients with severe PAH received diagnostic treatment preoperatively, with advanced PAH treatment (nitric oxide continuously inhaled, sildenafil, and bosentan). Advanced PAH treatment generally lasts 2 weeks, the patient who received a diagnostic treatment and whose transcutaneous oxygen saturation increased at least 5% was deemed to adequately respond and underwent complete repair; otherwise the patient who did not respond (whose transcutaneous oxygen saturation increased less than 5%) was excluded from the operation. Eight percent (4/50) were excluded from the operation because PAH was not shown to be reversible. Lung biopsy study also confirmed that diagnostic-treatment-and-repair strategy is an effective method to determine whether PAH is reversible. Of 11 patients who received diagnostic treatment, only 1 (1/11) showed grade IV change with plexiform lesion, and follow-up data showed the reversal of PAH of all the patients. Preoperative diagnostic treatment also improved the general condition of patients with severe PAH and tolerability to surgery and decreased perioperative risks. One patient died of PAH crisis. Four patients refractory to conventional therapies with residual PAH were given oral sildenafil or bosentan for the long-term, and good results were also attained. 56, 57 Fig. 2. Diagnostic-treatment-and-repair strategy for pulmonary arterial hypertension (PAH). PAP ϭ pulmonary arterial pressure. Rp ϭ pulmonary vascular resistance. NO ϭ nitric oxide. PGE1 ϭ prostaglandin E1. PH ϭ pulmonary hypertension. RV ϭ right ventricle. PVD ϭ pulmonary vascular disease.
Liu and colleagues discussed the mechanisms of repair of patients with severe pulmonary hypertension. Postoperative PAH was a statistically significant independent predictor of operative mortality. It is important to decrease postoperative PAH for increased operative survival (Fig. 2) . The following factors contribute to the operability of these selected patients: pulmonary vascular disease is structurally reversible; advanced therapies for PAH have been available and effective in reducing pulmonary vascular resistance in patients with severe PAH; oral endothelin antagonists and the applications of sildenafil allow longterm administration; and advances in cardiac surgery contribute to the safety and efficacy of the repair of these selective patients. Figure 2 shows the mechanisms of repair of patients with severe PH in the current era. 56, 57, 58 Older patients with severe PAH are at higher risk of developing postoperative PAH. The incidence of postoperative PAH was 57% (49/86). Postoperative PAH is, in fact, a major determinant of perioperative morbidity and mortality. Advanced PAH therapies combined with the advances of cardiac surgery might have the potential to produce a reduction in pulmonary vascular resistance, lowering perioperative risks and widening the range of cases amenable to repair.
In the study reported by Huang and colleagues, transcutaneous oxygen saturation of all patients who underwent radical repair selected by diagnostic-treatment-and-repair strategy increased significantly, from pre-diagnostic treatment 87.5 Ϯ 8.2% to post-diagnostic treatment 95.8 Ϯ 5.6% (P Ͻ .001). There were no operative deaths. Mean pulmonary artery pressure regressed significantly, from preoperative 69.4 Ϯ 11.6 mm Hg to postoperative 30.8 Ϯ 11.0 mm Hg (P Ͻ .001), and pulmonary vascular resistance also regressed significantly, from preoperative 1,640. (4/49) . All patients were administered drugs for PAH. All patients recovered well and were discharged. The pulmonary vascular disease in these selected patients with congenital heart disease and severe PAH, using a diagnostic-treatment-and-repair strategy, is generally reversible and these patients are operable with safety and efficacy in the current era with advanced PAH therapy. The long-term benefits of radical repair for these selected patients with congenital heart disease and severe PAH need to be demonstrated with a larger number of patients and longer follow-up. 56 -59 
Future Directions
PAH is now considered to be a proliferative disorder characterized by unexplained proliferation of pulmonary arterial smooth muscle cell and pulmonary artery endothelial cells. The focus of treatment of PAH is turning to strategies for inhibiting vascular proliferation and promoting vascular apoptosis to reverse pulmonary vascular remodeling. Anti-remodeling treatment is becoming a potential therapeutic option against various types of PAH. Inhibition of pulmonary arterial smooth muscle cell growth and augmentation of cell apoptosis could serve as therapeutic approaches for patients with PAH. 60 -62 A summary of all novel, emerging therapies examined here can be found in Table 2 . [63] [64] [65] [66] Future directions may be the combination of reversal of pulmonary vascular remodeling and correction.
Conclusions
With continued improvements in the diagnosis, preoperative management, refinement of surgical techniques and intra-and postoperative management strategies, patients with Eisenmenger syndrome might be amenable to and benefit from repair in the current era. Future directions may be the combination of reversal of pulmonary vascular remodeling and correction. 
